Subwavelength structured surfaces have a multitude of applications. These include antireflection suppression, fabrication of polarization components, narrowband filters, and phase plates. All of these applications offer advantages over conventional components. With advances in manufacturing technologies, the fabrication of these surfaces for visible and infrared portions of the spectrum is increasingly feasible.
INTRODUCTION
The term subwavelength structured (SWS) surface describes any surface that contains a subwavelength -period grating or gratings, see Fig. 1 . The grating may be of any type (e.g., surface-relief, phase, or amplitude) provided the period is sufficiently fine so that, unlike conventional gratings, no diffraction orders propagate other than the zeroth orders. Because of the fine periods involved, the fabrication of such surfaces for applications in the visible and infrared (IR) portions of spectral regime have only recently been considered. With refinements in holographic procedures and the push of the semiconductor industry for submicron lithography (both through optical and electron beam techniques), production of SWS surfaces is becoming increasingly viable. ni ns ni (a) n(x) = n 1+ An cos (Kx) ns (b) n. 
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. INTRODUCTION
The term subwavelength structured (SWS) surface describes any surface that contains a subwavelength-period grating or gratings, see Fig. 1 . The grating may be of any type (e.g., surface-relief, phase, or amplitude) provided the period is sufficiently fine so that, unlike conventional gratings, no diffraction orders propagate other than the zeroth orders. Because of the fine periods involved, the fabrication of such surfaces for applications in the visible and infrared (IR) portions of spectral regime have only recently been considered. With refinements in holographic procedures and the push of the semiconductor industry for submicron lithography (both through optical and electron beam techniques), production of SWS surfaces is becoming increasingly viable. There are numerous applications for SWS surfaces: antireflection coatings, polarization components, narrowband filters, and phase plates. As antireflection components, SWS surfaces are called antireflection structured (ARS) surfaces and have been studied extensively both theoretically and experimentally (see, for example, Refs. 1 -7). Typically, ARS surfaces contain surface -relief gratings, see Fig. 1(a) , which impedance match two media where one is a solid, and the other a gas, liquid, or solid. By structuring a surface with a subwavelength -period pattern (either through etching, embossing, or other techniques), one can synthesize an appropriate index of refraction distribution so that surface reflections are minimized. When designed properly, these structures can operate over large spectral bandwidths and fields of view.? Because foreign materials are not being added to the substrate surface, problems commonly encountered in thin -film technology, such as adhesion and thermal expansion mismatches, are non -existent in the design of these structured surfaces. Although relatively new to mankind, ARS surfaces can be found on the cornea of certain night -flying moths. 8 The subwavelength structures of the moth's cornea reduce surface reflections which would otherwise betray the moth's position to its predators. The first scientists to investigate ARS surfaces for application in the visible or near -IR portion of the spectrum worked to replicate moth -eye surfaces (see, for example, Ref. 1). Only later were non -moth -eye profiles investigated. [2] [3] [4] [5] [6] [7] As polarization components, SWS surfaces can take any form diagrammed in Fig. 1 . These surfaces operate on the fact that unlike in the scalar diffraction regime (where the surface period is large compared to the incident wavelength), when feature sizes are on the order of a wavelength, then, in general, radiation will react to the surface differently depending on the electric field's polarization orientation. SWS surfaces may be used to fabricate wire -grid polarizers,9 beam splitters,10 wave plates and retarders,11,12 and polarizing mirrors.13 SWS surfaces may be applied to any portion of the electromagnetic spectrum while conventional polarization devices must rely on the existence of a suitable birefringent material for the particular wavelength range of interest. Since the magnitude of the effective birefringence An (equal to ne -no, where ne and no are the structure's effective extraordinary and ordinary indices of refraction, respectively) can be quite large (e.g., for fused silica An = -0.1, for ZnSe An -0.6, and for Ge An = -1.7), the grating of a SWS surface need not be deeper than the wavelength of the incident radiation. Consequently, SWS surfaces are less bulky than conventional polarization devices and offer the possibility of replacing several conventional elements with a single structured one (e.g., beamsplitter wave plates or mirror wave plates).
A typical geometry of SWS surfaces for use as narrowband filters is illustrated in Fig. 1 (c).14 By filling the grooves of the grating with a material of index n2 where n2 is larger than n1 or ns, the structure can support the propagation of leaky waveguide modes. Coupling between the incident field and these leaky modes results in extremely sharp changes in the structure's spectral characteristics as a function of angle of incidence and wavelength. It is due to the highly selective coupling criterion of the waveguide mode that these structures can exhibit extremely narrow filter linewidths = 10').15 Applications employing narrowband filters are numerous. One field that can benefit tremendously from this new technology is the laser field. Laser end mirrors can be fabricated to reflect 100% of
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There are numerous applications for SWS surfaces: antireflection coatings, polarization components, narrowband filters, and phase plates. As antireflection components, SWS surfaces are called antireflection structured (ARS) surfaces and have been studied extensively both theoretically and experimentally (see, for example, Refs. 1-7). Typically, ARS surfaces contain surface-relief gratings, see Fig. 1(a) , which impedance match two media where one is a solid, and the other a gas, liquid, or solid. By structuring a surface with a subwavelength-period pattern (either through etching, embossing, or other techniques), one can synthesize an appropriate index of refraction distribution so that surface reflections are minimized. When designed properly, these structures can operate over large spectral bandwidths and fields of view.7 Because foreign materials are not being added to the substrate surface, problems commonly encountered in thin-film technology, such as adhesion and thermal expansion mismatches, are non-existent in the design of these structured surfaces. Although relatively new to mankind, ARS surfaces can be found on the cornea of certain night-flying moths. 8 The subwavelength structures of the moth's cornea reduce surface reflections which would otherwise betray the moth's position to its predators. The first scientists to investigate ARS surfaces for application in the visible or near-IR portion of the spectrum worked to replicate moth-eye surfaces (see, for example, Ref. 1). Only later were non-moth-eye profiles investigated.7 '7 As polarization components, SWS surfaces can take any form diagrammed in Fig. 1 . These surfaces operate on the fact that unlike in the scalar diffraction regime (where the surface period is large compared to the incident wavelength), when feature sizes are on the order of a wavelength, then, in general, radiation will react to the surface differently depending on the electric field's polarization orientation. SWS surfaces may be used to fabricate wire-grid polarizers,^ beam splitters,1® wave plates and retarders,11,17 and polarizing mirrors.13 SWS surfaces may be applied to any portion of the electromagnetic spectrum while conventional polarization devices must rely on the existence of a suitable birefringent material for the particular wavelength range of interest. Since the magnitude of the effective birefringence An (equal to ne -n0, where ne and nQ are the structure's effective extraordinary and ordinary indices of refraction, respectively) can be quite large (e.g., for fused silica An ~ -0.1, for ZnSe An ~ -0.6, and for Ge An ~ -1.7), the grating of a SWS surface need not be deeper than the wavelength of the incident radiation. Consequendy, SWS surfaces are less bulky than conventional polarization devices and offer the possibility of replacing several conventional elements with a single structured one (e.g., beamsplitter wave plates or mirror wave plates).
A typical geometry of SWS surfaces for use as narrowband filters is illustrated in Fig. 1(c) .14 By filling the grooves of the grating with a material of index n2 where n2 is larger than n^ or ns, the structure can support the propagation of leaky waveguide modes. Coupling between the incident field and these leaky modes results in extremely sharp changes in the structure's spectral characteristics as a function of angle of incidence and wavelength. It is due to the highly selective coupling criterion of the waveguide mode that these structures can exhibit extremely narrow filter linewidths (AXfk = 10'7).15 Applications employing narrowband filters are numerous. One field that can benefit tremendously from this new technology is the laser field. Laser end mirrors can be fabricated to reflect 100% of the incident radiation for a fixed wavelength. Since the narrowband filter effects can be polarization dependent, a laser with a SWS end mirror does not need any Brewster windows. Since the reflection spectra of these SWS surfaces change remarkably as a function of incident angle, Gale et al16 has suggested utilizing these devices for security applications much in the same way that holograms are used on credit cards today.
SWS surfaces can also be used as an alternative method of fabricating phase plates.17,18 By fabricating a binary SWS surfaces in which the duty cycle of the profile varies across the surface, any desired phasefront can be imparted onto the incoming radiation. Although the physical profile depth encountered by the radiation is the same at all points across the surface, due to the surface's changing filling factor, the effective optical path length accounted by the radiation will vary from point to point. By using a binary profile with subwavelength features, efficiencies can still be high (unlike binary profiles in the scalar regime) without resorting to a multi -mask fabrication process.
ANALYTIC APPROACHES
To analyze SWS surfaces, the use of vector diffraction theory is required since due to the feature sizes involved, scalar diffraction theories are invalid. Both coupled -wave and modal approaches are valid (and equivalent) techniques for modeling radiation's interaction with SWS surfaces. 19 The vector analysis performed for the research presented takes advantage of the rigorous coupled -wave analysis (RCWA) proposed by Gaylord and Moharam.19, 20 nth slice of grating profile RCWA approaches the problem by solving Maxwell's equations without making any assumptions regarding the profile period or depth. Grating profiles that vary as a function of depth, such as the continuous surface-relief profile diagrammed in Fig. 2 , are approximated by N slices where in each slice, the optical parameters have no z dependence (a continuous surface -relief profile is therefore represented as a multi -level profile). Provided that each slice is sufficiently thin, a grating that varies in z can be accurately modeled. Each slice of the grating region (Region 2) is treated 236 / Critical Reviews Vol. CR49 the incident radiation for a fixed wavelength. Since the narrowband filter effects can be polarization dependent, a laser with a SWS end mirror does not need any Brewster windows. Since the reflection spectra of these SWS surfaces change remarkably as a function of incident angle, Gale et a/16 has suggested utilizing these devices for security applications much in the same way that holograms are used on credit cards today.
SWS surfaces can also be used as an alternative method of fabricating phase plates.17,18 By fabricating a binary SWS surfaces in which the duty cycle of the profile varies across the surface, any desired phasefront can be imparted onto the incoming radiation. Although the physical profile depth encountered by the radiation is the same at all points across the surface, due to the surface's changing filling factor, the effective optical path length accounted by the radiation will vary from point to point By using a binary profile with subwavelength features, efficiencies can still be high (unlike binary profiles in the scalar regime) without resorting to a multi-mask fabrication process.
To analyze SWS surfaces, the use of vector diffraction theory is required since due to the feature sizes involved, scalar diffraction theories are invalid. Both coupled-wave and modal approaches are valid (and equivalent) techniques for modeling radiation's interaction with SWS surfaces. 19 The vector analysis performed for the research presented takes advantage of the rigorous coupled-wave analysis (RCWA) proposed by Gaylord and Moharam.19, 20 nth slice of grating profile Region 1
Region 2
Fig . 2 . Grating geometry. In rigorous coupled-wave analysis (RCWA), a grating with a continuous profile is approximated by an TVlevel profile where each layer or slice is analyzed as a thin grating.
RCWA approaches the problem by solving Maxwell's equations without making any assumptions regarding the profile period or depth. Grating profiles that vary as a function of depth, such as the continuous surface-relief profile diagrammed in Fig. 2 , are approximated by N slices where in each slice, the optical parameters have no z dependence (a continuous surface-relief profile is therefore represented as a multi-level profile). Provided that each slice is sufficiently thin, a grating that varies in z can be accurately modeled. Each slice of the grating region (Region 2) is treated as a thin grating and the fields within the slice expanded using the Floquet condition.
These fields are substituted into the wave equation, resulting in an infinite set of second -order coupled -differential equations for the field space -harmonic amplitudes.
This set of equations is reduced to a doubly infinite set of first -order coupleddifferential equations using a state -space representation. The space -harmonic amplitudes are extracted in terms of eigenvalues and eigenvectors of the resulting coefficient matrix. Maxwellian boundary conditions are then applied to the harmonic field amplitudes at each layer as well as at the boundaries of the incident medium (Region 1) and the substrate medium (Region 3). Reflection and transmission coefficients are obtained from the amplitudes of the propagating orders in Region 1 and Region 3, respectively.
Like most numerical techniques, RCWA, due to its intensive computational requirements, offers little opportunity for intuitive insight into the diffraction mechanisms. An alternative method for analyzing SWS surfaces is through effective medium theory (EMT). By relying on the fact that the structures have feature sizes smaller than the incident wavelength, an approximate description of the interaction of radiation with such structures can be obtained. The results are analytic and offer a great deal of insight towards the radiation's behavior. Effective medium theories (EMTs) rely on the fact that when light interacts with periodic structures finer than its wavelength, it does not diffract, but instead reflects and transmits as if it is encountering a non -structured medium. EMTs describe the interaction of light with such subwavelength structures by representing regions of subwavelength heterogeneity in terms of a homogeneous material possessing a single set of effective optical constants: permittivity e, permeability p.,
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as a thin grating and the fields within the slice expanded using the Floquet condition. These fields are substituted into the wave equation, resulting in an infinite set of second-order coupled-differential equations for the field space-harmonic amplitudes. This set of equations is reduced to a doubly infinite set of first-order coupleddifferential equations using a state-space representation. The space-harmonic amplitudes are extracted in terms of eigenvalues and eigenvectors of the resulting coefficient matrix. Maxwellian boundary conditions are then applied to the harmonic field amplitudes at each layer as well as at the boundaries of the incident medium (Region 1) and the substrate medium (Region 3). Reflection and transmission coefficients are obtained from the amplitudes of the propagating orders in Region 1 and Region 3, respectively.
Like most numerical techniques, RCWA, due to its intensive computational requirements, offers little opportunity for intuitive insight into the diffraction mechanisms. An alternative method for analyzing SWS surfaces is through effective medium theory (EMT). By relying on the fact that the structures have feature sizes smaller than the incident wavelength, an approximate description of the interaction of radiation with such structures can be obtained. The results are analytic and offer a great deal of insight towards the radiation's behavior. Effective medium theories (EMTs) rely on the fact that when light interacts with periodic structures finer than its wavelength, it does not diffract, but instead reflects and transmits as if it is encountering a non-structured medium. EMTs describe the interaction of light with such subwavelength structures by representing regions of subwavelength heterogeneity in terms of a homogeneous material possessing a single set of effective optical constants: permittivity e, permeability p, and conductivity a. This is sensible since no energy is lost to diffracted orders. All the energy is contained in the zeroth transmitted and zeroth reflected orders. The optical properties of the effective medium is governed by the specific structural intermixing between the incident and substrate material, but in general, the more substrate material present as compared to incident material in a given region, the closer that region's optical properties are to that of the substrate. In other words, when light interacts with subwavelength structures, it reacts to them as if it were encountering an effective medium whose optical properties are a weighted spatial average of the profile region's optical properties. For the specific case of a multilevel surface-relief profile, see Fig. 3 (a), the effective medium will be a film stack where each layer of the film stack corresponds to a distinct level of the surface-relief profile. For a continuous profile, see Fig. 3(b) , the effective medium will be a gradient film. Because the effective medium results from the weighted spatial averaging of the profile region's optical properties, the optical properties of the effective medium must be bound by the properties of the incident medium and those of the substrate medium. Therefore, assuming nj < ns, in Fig. 3(a) , nj < ni < n2 < n3 < ns, and in Fig. 3(b) , ni <_ n(z) < ns. Conventionally termed a linear diffraction grating, by making the period fine enough (or the incident wavelength large enough), these structures form one class of SWS surfaces. By determining the effective index of refraction at each depth z into the profile, the effective medium of the grating region is determined. Note that the effective index at a level z = z0, is a function of the filling factor, f(z0) at that level, 238 / Critical Reviews Vol. CR49 and conductivity a. This is sensible since no energy is lost to diffracted orders. All the energy is contained in the zeroth transmitted and zeroth reflected orders. The optical properties of the effective medium is governed by the specific structural intermixing between the incident and substrate material, but in general, the more substrate material present as compared to incident material in a given region, the closer that region's optical properties are to that of the substrate. In other words, when light interacts with subwavelength structures, it reacts to them as if it were encountering an effective medium whose optical properties are a weighted spatial average of the profile region's optical properties. For the specific case of a multi level surface-relief profile, see Fig. 3 (a), the effective medium will be a film stack where each layer of the film stack corresponds to a distinct level of the surface-relief profile. For a continuous profile, see Fig. 3(b) , the effective medium will be a gradient film. Because the effective medium results from the weighted spatial averaging of the profile region's optical properties, the optical properties of the effective medium must be bound by the properties of the incident medium and those of the substrate medium.
Therefore, assuming n/<n5, in Fig. 3 (a), ni < nj < «2 < n3 < ns< and in Fig. 3(b) , n\ < n(z) <ns.
ONE-DIMENSIONAL PERIODIC STRATIFICATION AND EFFECTIVE MEDIUM THEORY
A one-dimensional (1-D) profile, see Fig. 4 , is one of the more common profiles used by optical engineers. This profile can be fabricated through numerous techniques including optical and e-beam lithography, laser pattern generation,holography, and diamond ruling. Fig. 4 . General surface-relief SWS surface. In (a) the profile geometry is diagrammed, while in (b) the stratification present at a depth z = z0 is illustrated. The filling factor at a depth zQ is equal to Az0) = a(z0)/AConventionally termed a linear diffraction grating, by making the period fine enough (or the incident wavelength large enough), these structures form one class of SWS surfaces. By determining the effective index of refraction at each depth z into the profile, the effective medium of the grating region is determined. Note that the effective index at a level z = z0, is a function of the filling factor /(zq) at that level, where the filling factor describes the fraction of substrate material present in a period A, see Fig. 4(b) .
The EMT we use is based upon work by Rytov.7 '21,22 The effective index of refraction of a SWS medium is determined in a manner similar to that used for the calculation of an optical waveguide's effective indices of refraction. In other words, one assumes that for a particular direction of propagation, in order for the field to be a mode of the structure, the field must be propagating at the same velocity y in all regions of the medium in order to preserve the field's phase front. The velocity y of the mode is defined as y = cln, where c is the speed of light in a vacuum and n is the effective index of refraction. Note that due to the asymmetry of a 1 -D stratification, the effective index n will vary depending upon both the propagation and incident polarization direction.
For radiation propagating in the z direction, see In Eq. (1), ni is the index of the incident medium, ns is the index of the substrate medium, µi and µs are the permeability's of the incident and substrate mediums respectively, A is the grating period, ñ is the free -space wavelength, and f is the filling factor of the stratification. The transcendental equation describing nEIIK can be obtained from Eq. For certain SWS geometries, the argument of the tangent functions in Eq. (1) are small, thereby allowing for a Taylor expansion of these trigonometric functions. The result being that the effective index of refraction can be expressed in closed form, and is given by
where j denotes the polarization state (either E II K or E 1 K), n (0) denotes the zeroth -order expression for the effective index of refraction (independent of A and ñ), and An .0) denote the higher -order corrections terms.
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where the filling factor describes the fraction of substrate material present in a period A, see Fig. 4 (b).
The EMT we use is based upon work by Rytov.7*21,22 The effective index of refraction of a SWS medium is determined in a manner similar to that used for the calculation of an optical waveguide's effective indices of refraction. In other words, one assumes that for a particular direction of propagation, in order for the field to be a mode of the structure, the field must be propagating at the same velocity v in all regions of the medium in order to preserve the field's phase front. The velocity v of the mode is defined as v = c/n, where c is the speed of light in a vacuum and n is the effective index of refraction. Note that due to the asymmetry of a 1-D stratification, the effective index n will vary depending upon both the propagation and incident polarization direction.
For radiation propagating in the z direction, see where j denotes the polarization state (either E II K or E 1 K), n X°) denotes the zeroth-order expression for the effective index of refraction (independent of A and X), and A/iyW denote the higher-order corrections terms.
In certain cases (e.g., when AA « 1), the zeroth -order expressions for the effective indices of refraction are sufficient to model the SWS surfaces. When the grating period is comparable to the incident wavelength or the incident and substrate mediums have indices of refraction that are markedly different, then the use of the higher -order correction terms, AnfO, in Eq. (2) Note that the difference between /iF ,K and /iEnK is a reflection of a 1-D stratification's form birefringence. The period A is equal to A/(«i+ns) and corresponds to the largest grating period possible before a diffraction order will propagate for grazing incidence radiation.
In Fig. 5 we represent the effective index of refraction of a 1-D SWS surface as a function of the filling factor /. The curves for zeroth-order EMT are obtained using the n ( °) term in Eq. (2), while second -order EMT incorporates the An (2) correction term, and fourth -order EMT incorporates terms out to On (4). 'Exact' EMT corresponds to the exact numerical solution of Eq. (1). In Pig. 5(a) the substrate medium is fused silica (ns = 1.46) and in Fig. 5 (b) the substrate medium is Ge (ns = 4.00). For both substrates the incident medium is air (n; = 1) and the grating period is given by A = ?. /(nl + ns). This value of A corresponds to the largest grating period possible before a diffraction order will propagate for grazing incidence radiation. Note that the difference between n I K and nEIIK is an indication of a 1 -D SWS stratification's form birefringence. In Fig. 5 (a) one notes a separation of the zeroth -order curve from the curves obtained through higher -order EMT. If the grating period of the structure is reduced, zeroth -order EMT will match higher -order EMT more closely. In Fig. 5(b) , for the case of a Ge substrate, one notes that the form birefringence represented by nE±K -WEAK is much larger than that of fused silica. One may also note that the difference between zeroth -order EMT and higherorder EMT is larger, particularly for the case where E II K.
To illustrate the use of EMT, consider the case in which a 1 -D binary SWS surface is to be used to suppress surface reflections. As illustrated in Fig. 6 , the effective medium of this structure is a single -layer film coating. By correctly choosing the duty cycle and depth of the binary grating, surface reflections can be using the nj^ term in Eq. (2), while second-order EMT incorporates the A correction term, and fourth-order EMT incorporates terms out to ATExact' E M T c o r r e s p o n d s t o t h e e x a c t n u m e r i c a l s o l u t i o n o f E q . ( 1 ) . I n F i g . 5 ( a ) t h e substrate medium is fused silica (ns = 1.46) and in Fig. 5 (b) the substrate medium is Ge (ns = 4.00). For both substrates the incident medium is air («,-= 1) and the grating period is given by A = A/(nt-+ ns). This value of A corresponds to the largest grating period possible before a diffraction order will propagate for grazing incidence radiation. Note that the difference between nF, K and nEnK is an indication of a 1-D SWS stratification's form birefringence. In Fig. 5 (a) one notes a separation of the zeroth-order curve from the curves obtained through higher-order EMT. If the grating period of the structure is reduced, zeroth-order EMT will match higher-order EMT more closely. In Fig. 5(b) , for the case of a Ge substrate, one notes that the form birefringence represented by -«£IIK ^ muc^ larger than that of fused silica One may also note that the difference between zeroth-order EMT and higherorder EMT is larger, particularly for the case where E II K.
To illustrate the use of EMT, consider the case in which a 1-D binary SWS surface is to be used to suppress surface reflections. As illustrated in Fig. 6 , the effective medium of this structure is a single-layer film coating. By correctly choosing the duty cycle and depth of the binary grating, surface reflections can be suppressed for a given incident polarization state. For normally incident radiation, the desired film thickness for a single-layer AR coating is given by
where Ag is the free-space design wavelength, and the index of refraction satisfies
By changing the duty cycle (filling factor) of a 1 -D binary surface profile, see Fig. 5 , the profile's effective index of refraction changes. Minimum power reflection coefficients for a binary ARS surface will be achieved when the profile's effective index of refraction satisfies Eq. (4). From Fig. 5(a) , the use of zeroth -order EMT predicts Eq. (4) is satisfied when the duty cycle is 40.7% for E 1 K and 59.3% for E II K. Higher -order EMT predicts that duty cycles are 37.3% and 55.4% for E 1 K and E II K, respectively. These values, as well as the depth described by Eq. (3), can be use as seed values for a rigorous vector diffraction code when modeling the SWS geometry. As has been shown,? higher -order EMT will better match rigorous vector diffraction results in general.
ANTIREFLECTION STRUCTURED SURFACES
The problem of coating optics to reduce the amount of reflected light, and thereby increasing the throughput of an optical system, is an old one that has plagued optical scientists and engineers for many years. Traditionally, thin films have been used to reduce unwanted reflections from optical surfaces, but more recently the use of anti -reflection structured (ARS) surfaces has been proposed as a viable alternative based both on theoretical and experimental work.(see, for example, Refs. 1 -7). By structuring a surface with a subwavelength -period pattern (either through etching, embossing, or other techniques), one can synthesize an appropriate index of refraction distribution so that surface reflections are minimized. Because foreign materials are not being added to the substrate surface, problems commonly encountered in thinfilm technology, such as adhesion and thermal expansion mismatches, are nonexistent in the design of these structured surfaces.
ARS surfaces can have 1 -D or two -dimensional (2 -D) profiles and these profiles can be multi -level or continuous depending upon the design specifications that must be satisfied. Multi -level profiles, as shown in Section 2 can be modeled as multi -layer film stacks, while continuous profiles can be modeled as films of gradient optical properties. As shown in Ref. 22 , EMT can be used to derive closedform integral solutions for the field reflection coefficients of an ARS surface with a continuous profile. These closed -form solutions can be advantageous over vector diffraction methods since they can offer intuition as to how changes in the profile's geometry will affect the surface's reflection spectra.
One -dimensional triangular profile
To illustrate the closed -form integral solutions that EMT can generate, consider the 1 -D triangular profile illustrated in Fig. 7 . Since a 1 -D SWS surface behaves inherently birefringently, the effective medium for such a profile is an anisotropie film layer with gradient optical properties in the z direction.
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By changing the duty cycle (filling factor) of a 1-D binary surface profile, see Fig. 5 , the profile's effective index of refraction changes. Minimum power reflection coefficients for a binary ARS surface will be achieved when the profile's effective index of refraction satisfies Eq. (4). From Fig. 5(a) , the use of zeroth-order EMT predicts Eq. (4) is satisfied when the duty cycle is 40.7% for E 1K and 59.3% for E II K. Higher-order EMT predicts that duty cycles are 37.3% and 55.4% for E IK and E II K, respectively. These values, as well as the depth described by Eq. (3), can be use as seed values for a rigorous vector diffraction code when modeling the SWS geometry. As has been shown,7 higher-order EMT will better match rigorous vector diffraction results in general.
ANTIREFLECTION STRUCTURED SURFACES
The problem of coating optics to reduce the amount of reflected light, and thereby increasing the throughput of an optical system, is an old one that has plagued optical scientists and engineers for many years. Traditionally, thin films have been used to reduce unwanted reflections from optical surfaces, but more recently the use of anti-reflection structured (ARS) surfaces has been proposed as a viable alternative based both on theoretical and experimental work.(see, for example, Refs. 1-7). By structuring a surface with a subwavelength-period pattern (either through etching, embossing, or other techniques), one can synthesize an appropriate index of refraction distribution so that surface reflections are minimized. Because foreign materials are not being added to the substrate surface, problems commonly encountered in thinfilm technology, such as adhesion and thermal expansion mismatches, are non existent in the design of these structured surfaces.
ARS surfaces can have 1-D or two-dimensional (2-D) profiles and these profiles can be multi-level or continuous depending upon the design specifications that must be satisfied. Multi-level profiles, as shown in Section 2 can be modeled as multi-layer film stacks, while continuous profiles can be modeled as films of gradient optical properties. As shown in Ref. 22 , EMT can be used to derive closedform integral solutions for the field reflection coefficients of an ARS surface with a continuous profile. These closed-form solutions can be advantageous over vector diffraction methods since they can offer intuition as to how changes in the profile's geometry will affect the surface's reflection spectra.
One-dimensional triangular profile
To illustrate the closed-form integral solutions that EMT can generate, consider the 1-D triangular profile illustrated in Fig. 7 . Since a 1-D SWS surface behaves inherently birefringently, the effective medium for such a profile is an anisotropic film layer with gradient optical properties in the z direction. 
In Eq. (6), d is the depth of the grating, X is the free -space wavelength, ei is the permittivity of the incident medium, and es is the permittivity of the substrate medium. For the case where E II K, the reflection coefficient is given by 
To illustrate the degree to which the reflection coefficients represented by Eqs. (5) and (6) Through the use of zeroth-order EMT and tapered transmission-line theory, the field reflection coefficients for the triangular profile illustrated in Fig. 7 can be written in terms of exponential integrals.22 For the case of normally incident radiation polarized such that E1K, the field reflection coefficient p can be written as P£L*r 1 rud e~m .
where and
In Eq. (6), d is the depth of the grating, X is the free-space wavelength, e,-is the permittivity of the incident medium, and es is the permittivity of the substrate medium. For the case where E IIK, the reflection coefficient is given by 9e\\k 6 rwd e~M
where -e;
To illustrate the degree to which the reflection coefficients represented by Eqs. (5) and (6) (ns = 2.42). The largest period used for the RCWA data corresponds to A = X/(ni +ns). As the period A is decreased, one notes a better match of the zerothorder EMT results to the data obtained through RCWA. Note that a closer match of EMT results to RCWA results can be obtained through higher -order EMT which, unlike zeroth -order EMT, takes into account the non -zero value of the period -towavelength ratio, AA, see Eqs. (1) and (2). Although vector diffraction theory can accurately model radiation's interaction with SWS surfaces, it is a numerical approach that is computationally intensive and does not always offer great insight into a particular problem. EMT, is an approximate theory that is quick to implement and accurate enough to give a 244 / Critical Reviews Vol. CR.49
(ns = 2.42). The largest period used for the RCWA data corresponds to A = V(«i+ns). As the period A is decreased, one notes a better match of the zerothorder EMT results to the data obtained through RCWA. Note that a closer match of EMT results to RCWA results can be obtained through higher-order EMT which, unlike zeroth-order EMT, takes into account the non-zero value of the period-towavelength ratio, AA, see Eqs. (1) Although vector diffraction theory can accurately model radiation's interaction with SWS surfaces, it is a numerical approach that is computationally intensive and does not always offer great insight into a particular problem. EMT, is an approximate theory that is quick to implement and accurate enough to give a designer intuition in terms of how changing a grating's parameters can affect the structure's reflection spectra. To illustrate this point, consider the triangular profile previously discussed. An important question to have answered is, "For what depths is the reflection spectra a minima ? ". By taking the derivative of 1p12, where the EMT-derived expression for the field reflection coefficient p is obtained from Eqs. (5) and (7), this answer can be obtained. For E I K, the depths at which reflection 
The values of d represented by Eq. (9) or (10) can be used as seed values for a vector diffraction code, thereby reducing the design time to obtain structures that satisfy a given set of system requirements.
As evidenced by Fig. 8 , a 1 -D ARS profile is polarization sensitive. Fig. 9 is reminiscent of the interior of anechoic chambers, particular those for electromagnetic waves. Although anechoic chambers utilize special absorbent materials and the geometry of the chamber itself to suppress reflections, the surface profiling of the chamber walls also plays an important role 23 In the scalar regime, this profiling is used to increase the number of reflections a wave goes through before being reflected away from the wall. In the vector regime, the profiling is used to create a gradual tapering of the surface's electromagnetic characteristics from free space to that of the actual wall material. Although anechoic chambers have existed for fifty years, it is only now, due to significant technological advances making fabrication feasible, that the application of similar 2 -D surface profiling is being considered for application in the visible and IR spectral regions.
Unlike the 1 -D profiles, one expects the 2 -D profiles, due to their added degree of symmetry, to exhibit near-isotropic behavior when the duty cycle of the profile is equal in both the x and y dimensions (i.e., bx/Ax = by /Ay). This has
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designer intuition in terms of how changing a grating's parameters can affect the structure's reflection spectra. To illustrate this point, consider the triangular profile previously discussed. An important question to have answered is, "For what depths is the reflection spectra a minima?". By taking the derivative of Ipl2, where the EMT-derived expression for the field reflection coefficient p is obtained from Eqs. (5) and (7), this answer can be obtained. For E 1K, the depths at which reflection minima occur are given by
where m is a positive integer. For E IIK these depths are given by
As evidenced by Fig. 8 , a 1-D ARS profile is polarization sensitive. Consequently, a 1-D profile, particular one with very few levels, is better suited for the suppression of surface reflections from linearly polarized radiation. For applications with randomly polarized light, a 2-D profile can be used. Due to the increased surface symmetry, these profiles can behave isotropically. Fig. 9 is reminiscent of the interior of anechoic chambers, particular those for electromagnetic waves. Although anechoic chambers utilize special absorbent materials and the geometry of the chamber itself to suppress reflections, the surface profiling of the chamber walls also plays an important role.23 In the scalar regime, this profiling is used to increase the number of reflections a wave goes through before being reflected away from the wall. In the vector regime, the profiling is used to create a gradual tapering of the surface's electromagnetic characteristics from free space to that of the actual wall material. Although anechoic chambers have existed for fifty years, it is only now, due to significant technological advances making fabrication feasible, that the application of similar 2-D surface profiling is being considered for application in the visible and IR spectral regions.
Unlike the 1-D profiles, one expects the 2-D profiles, due to their added degree of symmetry, to exhibit near-isotropic behavior when the duty cycle of the profile is equal in both the x and y dimensions (i.e., bxJAx = by/Ay). This has been confirmed by using RCWA in the analysis of the profiles. Isotropic behavior is advantageous when randomly polarized light is of consideration since all of the presented 2 -D profiles, regardless of the number of levels, are able to suppress reflections efficiently at normal incidence. Fig. 9 . 2 -D ARS surface with a continuous pyramidal profile. By making the duty cycles the same in both dimensions (by/Ax = by /Ay), the profile's effective medium will be nearly isotropic.
In Fig. 10 , the transmission spectra of binary, 4-level, and 8 -level approximations to a continuous pyramidal ARS surface profile, see Fig. 9 , are illustrated through the use of RCWA.7 All profiles are designed for randomly polarized, normally incident, 10.6 p.m-wavelength radiation incident on a GaAs substrate. The incident medium is taken to be air (ni = 1) and the dispersion of GaAs' index of refraction is accounted for. The profile parameters for the three 2 -D ARS surfaces are given in Table 1 . For all profiles, regardless of the number of levels, the power reflection coefficient was found to be less than 3 x 10-5 for the design wavelength at normal incidence. been confirmed by using RCWA in the analysis of the profiles. Isotropic behavior is advantageous when randomly polarized light is of consideration since all of the presented 2-D profdes, regardless of the number of levels, are able to suppress reflections efficiently at normal incidence. the profile's effective medium will be nearly isotropic.
In Fig. 10 , the transmission spectra of binary, 4-level, and 8-level approximations to a continuous pyramidal ARS surface profile, see Fig. 9 , are illustrated through the use of RCWA.7 All profiles are designed for randomly polarized, normally incident, 10.6 pm-wavelength radiation incident on a GaAs substrate. The incident medium is taken to be air («/ = 1) and the dispersion of GaAs' index of refraction is accounted for. The profile parameters for the three 2-D ARS surfaces are given in Table 1 . For all profiles, regardless of the number of levels, the power reflection coefficient was found to be less than 3 x 10"^ for the design wavelength at normal incidence. Table 1 and the incident radiation is randomly polarized. Table 1 and the incident radiation is randomly polarized. each profile changes when the incident wavelength is detuned from the design wavelength ? ". For binary, 4-level, and 8 -level profiles, wavelength -angle of incidence data is compiled by defining operable half field -of -views as those angles that allow transmission of 90 %, 95 %, and 99% and 99.9% of the incident radiation's power (i.e., half field -of -views for which the power reflection coefficient is 10 %, 5 %, 1%, and 0.1%, respectively).
To illustrate the information contained in these curves, consider that an view of ARS surfaces that were designed for minimum reflectance at normal incidence for X. = 10.6 gm. If, for a particular application, the reflection coefficient need not be minimized for normal incidence, but rather, stay below a certain threshold value, or operation across a band of wavelengths is a consideration and not just X, = 10.6 gm, the profile designs can be reoptimized. This reoptimization will increase the field -of -view and bandwidth over those indicated in Fig. 10 .
2 -D binary antireflection structured surfaces
ARS profiles can be readily fabricated for IR applications. Presented in Fig. 11 is a SEM picture of a 2 -D binary ARS profile fabricated on a three -inch Si wafer. This surface was fabricated using equipment at Cornell's National Nanofabrication Facility (NNF).24
The 3" ARS surface was patterned by optical projection lithography using a step -and -repeat procedure. The etching of the pattern into the substrate was achieved using a BC13/C12 reactive ion etching (RIE) process. The design wavelength for this structure is the 10.6 -gm line of a CO2 laser. The design specifications for this profile are AX = Ay = 2.45 gm, d = 1.433 p.m, and a duty cycle in both surface dimensions of 70 %. The grating profile depicted in Fig. 11 is symmetric and looks asymmetric only due to the viewing angle. Experimental power reflection coefficients for this surface are as low as 0.5 %, as compared to the 30% reflectivity of a non -structured Si surface. Figure 10 examines the question: "How does the operable field-of-view for each profile changes when the incident wavelength is detuned from the design wavelength?". For binary, 4-level, and 8-level profiles, wavelength-angle of incidence data is compiled by defining operable half field-of-views as those angles that allow transmission of 90%, 95%, and 99% and 99.9% of the incident radiation's power (i.e., half field-of-views for which the power reflection coefficient is 10%, 5%, 1%, and 0.1%, respectively).
To illustrate the information contained in these curves, consider that an ARS surface must transmit at least 95% of the incident light over a half field-of-view of 50°. From Fig. 10 (a) one notes that the binary profile satisfies this requirement for wavelengths between 9.5 and 11.4 pm. Figure 10 (b) indicates that the 4-level profile's useful bandwidth is from 9.4 to 12 pm, while the 8-level profile, see Fig. 10 (c), will operate under design specifications for wavelengths between 9 and 13 pm. Note that the curves plotted in Fig. 10 represent the bandwidth and field-ofview of ARS surfaces that were designed for minimum reflectance at normal incidence for X = 10.6 pm. If, for a particular application, the reflection coefficient need not be minimized for normal incidence, but rather, stay below a certain threshold value, or operation across a band of wavelengths is a consideration and not just X = 10.6 pm, the profile designs can be reoptimized. This reoptimization will increase the field-of-view and bandwidth over those indicated in Fig. 10. 
2-D binary antireflection structured surfaces
ARS profiles can be readily fabricated for IR applications. Presented in Fig. 11 is a SEM picture of a 2-D binary ARS profile fabricated on a three-inch Si wafer. This surface was fabricated using equipment at Cornell's National Nanofabrication Facility (NNF).24
The 3" ARS surface was patterned by optical projection lithography using a step-and-repeat procedure. The etching of the pattern into the substrate was achieved using a BCI3/CI2 reactive ion etching (RIE) process. The design wavelength for this structure is the 10.6-pm line of a CO2 laser. The design specifications for this profile are Ax = Ay = 2.45 pm, d = 1.433 pm, and a duty cycle in both surface dimensions of 70%. The grating profile depicted in Fig. 11 is symmetric and looks asymmetric only due to the viewing angle. Experimental power reflection coefficients for this surface are as low as 0.5%, as compared to the 30% reflectivity of a non-structured Si surface. 
POLARIZATION COMPONENTS
SWS surfaces as polarization components offer several advantages over conventional polarization optics. Since their effective birefringence is a result of subwavelength stratification and not due to molecular birefringence, SWS surfaces can be applied to any portion of the electromagnetic spectrum. Conventional polarization devices, on the other hand, must typically rely on the existence of a suitably birefringent material for the particular wavelength range of interest.
Although polarization prisms (e.g., Fresnel rhomb) can be utilized, these components are both bulky and heavy. A second advantage of a SWS surface is that the effective birefringence An (equal to ne -no, where ne and no are the structure's effective extraordinary and ordinary indices of refraction, respectively) can be quite large (e.g., for fused silica An -0.1, for ZnSe An ---0.6, and for germanium An -1.7). Keep in mind that calcite, a material well known for its strong birefringence properties, only has An = -0.172 at the sodium D line (589.3nm). Due to its potentially large amount of birefringence, the grating of a SWS surface need not be deeper than a wavelength or two in order to act as a quarter -wave plate. SWS surfaces are therefore less bulky than conventional polarization devices and offer Diffractive and Miniaturized Optics / 249 Fig. 11 . Silicon 2-D binary ARS surface fabricated on a three-inch wafer.
5.
POLARIZATION COMPONENTS SWS surfaces as polarization components offer several advantages over conventional polarization optics. Since their effective birefringence is a result of subwavelength stratification and not due to molecular birefringence, SWS surfaces can be applied to any portion of the electromagnetic spectrum. Conventional polarization devices, on the other hand, must typically rely on the existence of a suitably birefringent material for the particular wavelength range of interest. Although polarization prisms (e.g., Fresnel rhomb) can be utilized, these components are both bulky and heavy. A second advantage of a SWS surface is that the effective birefringence An (equal to ne -n0, where ne and n0 are the structure's effective extraordinary and ordinary indices of refraction, respectively) can be quite large (e.g., for fused silica An ~ -0.1, for ZnSe An = -0.6, and for germanium An ~ -1.7). Keep in mind that calcite, a material well known for its strong birefringence properties, only has An = -0.172 at the sodium D line (589.3nm).
Due to its potentially large amount of birefringence, the grating of a SWS surface need not be deeper than a wavelength or two in order to act as a quarter-wave plate. SWS surfaces are therefore less bulky than conventional polarization devices and offer the possibility of replacing several conventional elements with a single structured one (e.g., beamsplitter wave plates or mirror wave plates). Consequently, SWS polarization components can reduce the overall weight of the optical system -a crucial consideration for many applications.
Theory, Binary
One SWS surface that can be used for birefringent applications is the 1 -D surface-relief profile diagrammed in Fig. 12 . These binary profiles can be utilized as wave plates, retarders, or polarizers. As shown in Section 3, the effective index of refraction of a 1 -D stratification varies depending upon the orientation of the incident electric field vector with respect to the grating vector K. Due to the polarization dependence of a 1 -D stratification's effective index of refraction, the manufacture of polarization components using isotropic material is possible. In Fig. 13 , the birefringence of a 1 -D stratification is diagrammed as a function of filling factor f (defined as b /A, where A is the period of the structure, see Fig. 12 ). Note that as the difference between the ns and ni increases, the birefringence An increases. For fused silica An = -0.1, for ZnSe An -0.6, for GaAs An -1.2, and for Ge An --1.7.
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the possibility of replacing several conventional elements with a single structured one (e.g., beamsplitter wave plates or mirror wave plates). Consequently, SWS polarization components can reduce the overall weight of the optical system-a crucial consideration for many applications.
Theory, Binary
One SWS surface that can be used for bireffingent applications is the 1-D surface-relief profile diagrammed in Fig. 12 . These binary profiles can be utilized as wave plates, retarders, or polarizers. As shown in Section 3, the effective index of refraction of a 1-D stratification varies depending upon the orientation of the incident electric field vector with respect to the grating vector K. Due to the polarization dependence of a 1-D stratification's effective index of refraction, the manufacture of polarization components using isotropic material is possible. In Fig. 13 , the birefringence of a 1-D stratification is diagrammed as a function of filling factor/(defined as b/A, where A is the period of the structure, see Fig. 12 ). Note that as the difference between the ns and n,-increases, the birefringence An increases. For fused silica An « -0.1, for ZnSe An = -0.6, for GaAs An » -1.2, and for Ge An = -1.7. If the depth required to fabricate the desired SWS wave plate (e.g., 244 or A/2) is deeper than can be fabricated on a single surface, the phase difference can be spread over more than one surface. For example, to fabricate a quarter -wave plate, instead of having a nJ2 phase difference resulting from a single surface, one can, in principle, split the phase so that on the front surface of the plate, a n/4 phase difference is accumulated, and on the back side of the plate, the other n/4 phase difference is obtained. In Fig. 14 , a three-surface SWS wave plate is illustrated. Fig. 14. Illustration of how multiple SWS surfaces can be combined to achieve a larger phase delay between the incident orthogonal polarization components.
Incident Wave
If the depth required to fabricate the desired SWS wave plate (e.g., A/4 or A/2) is deeper than can be fabricated on a single surface, the phase difference can be spread over more than one surface. For example, to fabricate a quarter-wave plate, instead of having a n/2 phase difference resulting from a single surface, one can, in principle, split the phase so that on the front surface of the plate, a n/4 phase difference is accumulated, and on the back side of the plate, the other ji/4 phase difference is obtained. In Fig. 14 , a three-surface SWS wave plate is illustrated.
Note that no alignment of the SWS front surface relative to the SWS back surface in the x or y plane is required since, having zero optical power, a SWS surface does not aberrate the incident wavefront. Since polarization considerations are an issue, however, the grating vectors for all the surfaces (K1, K2, and K3) must be colinear.
An advantage of SWS wave plates is that they behave as zero -order retarders.
To illustrate this point we have plotted the spectral behavior of three types of wave plates in Fig. 15 . In Fig. 15 we plot the change in phase difference 64, , as a function of spectral detunings about the design wavelength 4. The SWS wave plate analyzed has a binary profile, see Fig. 12 , with ZnSe as the substrate material. . RCWA data for the change in the phase difference 04 for a ZnSe binary SWS quarter -wave plate for detunings of ±10% from the design wavelength. The SWS wave plate is compared to the typical response of conventional zero-and multi -order retarders.
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For comparison purposes, the spectral performance of a conventional zeroorder and multi -order retarder are presented in Fig. 15 as well. Note that conventional retarders cannot necessarily operate across the same range of design wavelengths xo as can the SWS ZnSe wave plate. Rather, the performance of the conventional wave plates are included to illustrate general spectral tolerances. For a multi -order retarder, the phase difference at the design wavelength Xo is equal to = O4o + 27rm, where m is a positive integer. Due to the multiples of 2n present in the phase difference, multi -order wave plates tend to be highly sensitive to spectral shifts, see Fig. 15 . With zero -order wave plates, two multi -order wave plates are used to cancel each plate's respective multiples of 2n phase. The result is that the total phase difference is equal to AO, thus allowing for greater spectral insensitivity. With regard to wavelength dependence, a SWS retarder behaves in a manner similar to a zero -order retarder since both impart exactly the desired phase difference upon the incident polarization. Consequently both components have 252 / Critical Reviews Vol. CR49
Note that no alignment of the SWS front surface relative to the SWS back surface in the x or y plane is required since, having zero optical power, a SWS surface does not aberrate the incident wavefront. Since polarization considerations are an issue, however, the grating vectors for all the surfaces (Kj, K2, and K3) must be colinear.
An advantage of SWS wave plates is that they behave as zero-order retarders. To illustrate this point we have plotted the spectral behavior of three types of wave plates in Fig. 15 . In Fig. 15 we plot the change in phase difference A<|>, as a function of spectral detunings about the design wavelength Xq. The SWS wave plate analyzed has a binary profile, see Fig. 12 , with ZnSe as the substrate material.
Retards' 90-A = 0.25Xo, do = 0.455Xo, 0i = 0'
1.00
Wavelength (Xo) Fig. 15 . RCWA data for the change in the phase difference A<)> for a ZnSe binary SWS quarter-wave plate for detunings of ±10% from the design wavelength. The SWS wave plate is compared to the typical response of conventional zero-and multi-order retarders.
For comparison purposes, the spectral performance of a conventional zeroorder and multi-order retarder are presented in Fig. 15 as well. Note that conventional retarders cannot necessarily operate across the same range of design wavelengths Xo as can the SWS ZnSe wave plate. Rather, the performance of the conventional wave plates are included to illustrate general spectral tolerances. For a multi-order retarder, the phase difference at the design wavelength Xq is equal to A<|) = A<j>o + 2nm, where m is a positive integer. Due to the multiples of 2% present in the phase difference, multi-order wave plates tend to be highly sensitive to spectral shifts, see Fig. 15 . With zero-order wave plates, two multi-order wave plates are used to cancel each plate's respective multiples of 2n phase. The result is that the total phase difference is equal to A(j>, thus allowing for greater spectral insensitivity. With regard to wavelength dependence, a SWS retarder behaves in a manner similar to a zero-order retarder since both impart exactly the desired phase difference upon the incident polarization. Consequently both components have similar spectral phase characteristics, though the SWS component is lighter in weight, more compact, and more versatile in terms of the wavelengths it can be designed for.
Theory: Triangular
In this section, the transmission characteristics of SWS retarders with triangular surface -relief profiles, see Fig. 7 , are analyzed. Triangular profiles can be fabricated in numerous manners: ion beam milling at oblique angles to the substrate surface,25 wet chemical etching,26 and dry plasma etching. 27 Like the binary profile diagrammed in Fig. 12 , a triangular profile, being 1 -D, is able to introduce a phase retardance to the incidence radiation through its form birefringence. However, since the effective medium of the triangular profile has gradient properties, see Fig. 7(b) , a triangular profile, is better able to suppress Fresnel reflections for both orthogonal states (E II K and E 1 K) of the incident radiation. Utilizing zerothorder EMT, the transmission coefficient for the two orthogonal polarization orientations, E II K and E 1 K, can be calculated in closed -integral form using In Fig. 16 the phase difference AO is displayed as a function of grating depth for 1 -D triangular profiles. The substrates chosen are fused silica (ns = 1.46) and ZnSe (ns = 2.42). As illustrated with these two substrates, AO varies more slowly as a function of the grating depth d when the substrate index of refraction ns is smaller. These differences in the amount of phase difference A4 imparted as a function of depth for the two substrate materials is the result of ZnSe, due to its larger value of ns having a larger amount of birefringence An than fused silica, see Fig. 13 . With ZnSe as the substrate material (or other optically dense materials) a Diffractive and Miniaturized Optics / 253 similar spectral phase characteristics, though the SWS component is lighter in weight, more compact, and more versatile in terms of the wavelengths it can be designed for.
In this section, the transmission characteristics of SWS retarders with triangular surface-relief profiles, see Fig. 7 , are analyzed. Triangular profiles can be fabricated in numerous manners: ion beam milling at oblique angles to the substrate surface,25 wet chemical etching,26 and dry plasma etching.27 Like the binary profile diagrammed in Fig. 12 , a triangular profile, being 1-D, is able to introduce a phase retardance to the incidence radiation through its form birefringence. However, since the effective medium of the triangular profile has gradient properties, see Fig. 7(b) , a triangular profile, is better able to suppress Fresnel reflections for both orthogonal states (E II K and E 1 K) of the incident radiation. Utilizing zerothorder EMT, the transmission coefficient for the two orthogonal polarization orientations, E II K and E 1 K, can be calculated in closed-integral form using tapered transmission-line theory. In Fig. 16 the phase difference A<|> is displayed as a function of grating depth for 1-D triangular profiles. The substrates chosen are fused silica (ns= 1.46) and ZnSe (ns = 2.42). As illustrated with these two substrates, Aq> varies more slowly as a function of the grating depth d when the substrate index of refraction ns is smaller. These differences in the amount of phase difference A<|> imparted as a function of depth for the two substrate materials is the result of ZnSe, due to its larger value of ns having a larger amount of birefringence An than fused silica, see Fig. 13 . With ZnSe as the substrate material (or other optically dense materials) a quarter -wave plate can be fabricated on a single surface. One may note from the RCWA results shown that in order to achieve a quarter -wave retardance, the ZnSe triangular profile must reach a depth of 0.654 which is deeper than the depth of 0.46X0 for the corresponding ZnSe binary profile. The increase in depth for the triangular profile stems from the fact that the form birefringence of a SWS surface is dependent upon the filling factor f of the stratification. For a binary profile, the filling factor does not vary with depth, and so can be at or near the filling factor f0 which achieves maximum birefringence. For a continuous profile such as the triangular profile diagrammed in Fig. 7 , the filling factor, and hence the effective birefringence An , changes with depth. The advantage with using a triangular profile as opposed to a binary profile is that the optical transmission of the device is improved. For the ZnSe binary quarter -wave plate 90% of the radiation is transmitted, will for the ZnSe triangular quarter -wave plate, greater than 99% throughput is achieved. 6 . NARROWBAND FILTERS Narrowband filters are important for many applications. They can improve the signal -to -noise ratio of a detection system by selectively passing only the wavelengths of interest. They may be used in lasers to provide gain for only a certain band of wavelengths. Filters can also be used in spectroscopic applications in which certain absorption spectra or emission spectra are to be detected. SWS surfaces operating in what has been termed the resonance regime can act as narrowband filters.14 -16,28 As narrowband filters, the reflection spectra of the grating changes rapidly as a function of incident wavelength or incident angle. These rapid changes in the diffraction efficiency have been termed diffraction anomalies, grating anomalies, or Wood's anomalies after the man who made their initial discovery. 
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quarter-wave plate can be fabricated on a single surface. One may note from the RCWA results shown that in order to achieve a quarter-wave retardance, the ZnSe triangular profile must reach a depth of 0.65X^ which is deeper than the depth of 0.46A.Q for the corresponding ZnSe binary profile. The increase in depth for the triangular profile stems from the fact that the form birefringence of a SWS surface is dependent upon the filling factor / of the stratification. For a binary profile, the filling factor does not vary with depth, and so can be at or near the filling factor /0 which achieves maximum birefringence. For a continuous profile such as the triangular profile diagrammed in Fig. 7 , the filling factor, and hence the effective birefringence An, changes with depth. The advantage with using a triangular profile as opposed to a binary profile is that the optical transmission of the device is improved. For the ZnSe binary quarter-wave plate 90% of the radiation is transmitted, will for the ZnSe triangular quarter-wave plate, greater than 99% throughput is achieved.
NARROWBAND FILTERS
Narrowband filters are important for many applications. They can improve the signal-to-noise ratio of a detection system by selectively passing only the wavelengths of interest. They may be used in lasers to provide gain for only a certain band of wavelengths. Filters can also be used in spectroscopic applications in which certain absorption spectra or emission spectra are to be detected. SWS surfaces operating in what has been termed the resonance regime can act as narrowband filters.14'16,28 As narrowband filters, the reflection spectra of the grating changes rapidly as a function of incident wavelength or incident angle. These rapid changes in the diffraction efficiency have been termed diffraction anomalies, grating anomalies, or Wood's anomalies after the man who made their initial discovery. Guided -mode resonances are a form of Woods anomaly, which were first properly characterized as a resonance effect by Hessel and Oliner.30 These anomalies occur because at a specific wavelength ? and incident angle 0, a weakly -bound (leaky) mode of the grating structure is excited. The resonating leaky mode acts as a coupling mechanism between the fields on either side of the grating region. The coupling conditions are quite selective, resulting in sharp changes in the reflection and transmission characteristics of the structure over small detunings in the incident wavelength or incident angle. Because of these narrow bandwidth filter properties, guided -mode resonances have received renewed interest.
In Fig. 17 we diagram an embedded grating structure in which the index of refraction in the grating region (region 2) n2 is larger than the index of refraction of either the cover (region 1) n 1 or substrate (region 3) n3. The condition n2 > n3 and n1 must be satisfied in order for the structure to support leaky waveguide modes. The resonance phenomena is strongest when the grating is sufficiently fine that only the zeroth -order reflected and transmitted waves are propagating and all higher diffraction orders are evanescent. For this condition to be true, the grating period must always be smaller than the incident wavelength (A < X). In Fig. 18 , we illustrate a specific example of the resonance effect on reflectivity. The peak is narrow with a full -width half maximum (FWHM) of about 2 A. By changing the structure's parameters, the FWHM and resonant wavelength can be modified. polarized such that E II K. The resonant structure achieving this reflection spectra is depicted in Fig. 17 . Note that the FWHM for this particular structure is only several angstroms.
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Guided-mode resonances are a form of Wood's anomaly, which were first properly characterized as a resonance effect by Hessel and Oliner.30 These anomalies occur because at a specific wavelength X and incident angle 0, a weakly-bound (leaky) mode of the grating structure is excited. The resonating leaky mode acts as a coupling mechanism between the fields on either side of the grating region. The coupling conditions are quite selective, resulting in sharp changes in the reflection and transmission characteristics of the structure over small detunings in the incident wavelength or incident angle. Because of these narrow bandwidth filter properties, guided-mode resonances have received renewed interest
In Fig. 17 we diagram an embedded grating structure in which the index of refraction in the grating region (region 2) /12 is larger than the index of refraction of either the cover (region 1) or substrate (region 3) /13. The condition «2 > «3 and n± must be satisfied in order for the structure to support leaky waveguide modes. The resonance phenomena is strongest when the grating is sufficiently fine that only the zeroth-order reflected and transmitted waves are propagating and all higher diffraction orders are evanescent. For this condition to be true, the grating period must always be smaller than the incident wavelength (A < X). In Fig. 18 , we illustrate a specific example of the resonance effect on reflectivity. The peak is narrow with a full-width half maximum (FWHM) of about 2 A. By changing the structure's parameters, the FWHM and resonant wavelength can be modified. 
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Applications for resonant structures are numerous. Since the reflection spectra of these SWS surfaces changes remarkably as a function of incident angle, Gale et al16 has suggested utilizing these devices for security applications in much the same way that holograms are used on credit cards today. The laser field can benefit tremendously from this new technology 28 By serving as a laser end mirror, the SWS structure can reflect 100% of the incident light at a specific wavelength. This geometry may prove useful to the optical communication industry, as well, in terms of a novel optical switch.
SUBWAVELENGTH STRUCTURED SURFACES AS PHASE PLATES
In this section the use of SWS surfaces as phase plates is discussed. As mentioned in Sections 2 and 3, by intermixing two or more distinct materials on a subwavelength scale, the resulting medium behaves as a totally new material with a given set of effective optical properties. In Sections 4 through 6, the SWS surfaces discussed contained regular gratings (i.e., the grating structure remained perfectly periodic across the surface). Consequently, the effective optical properties of the subwavelength-period gratings remained constant across the surface (though the effective optical properties could vary as a function of depth). In this section, the subwavelength structures presented are not perfectly periodic on a subwavelength scale. By changing the duty cycle of a grating across the surface, each portion of the surface will behave as a different effective medium with different effective indices of refraction. The resulting surface gradient can then be applied to the fabrication of phase plates.17,18 Applications of these phase plates include phase compensators and aberration correctors for imaging systems.
In Fig. 19(a) a single period A of a blazed grating profile is diagrammed. From a fabrication standpoint, obtaining a blazed profile is not always the easiest of tasks. For materials that cannot be diamond turned, blazed profiles are typically manufactured by using a multi-mask process. The more masks used, however, the greater the risk of degrading the device's diffraction efficiency through errors in mask alignment. An alternative to a multi-mask technique is to make a binary profile with subwavelength feature sizes. This technique has been suggested by both Haidner et aí18 and Farn.17 The chirped phase of the blazed scalar profile can be modeled as a binary subwavelength grating with chirped duty cycle, see Fig. 19(b) . The effective medium for the SWS binary profile is illustrated in Fig. 19(c) . Note that the effective medium has gradient optical properties in the x direction while it is uniform in the z direction. If the structure must function only for linearly polarized radiation, the binary profile can be one dimensional (i.e., uniform in the y direction). For unpolarized radiation, as noted by Haidner, a 2 -D profile can be used. Note that the binary subwavelength profile depicted in Fig. 19(b) should not be confused with the scalar binary approximation of a blazed scalar profile. the scalar binary approximation has a relative first -order diffraction efficiency of only 40.5%, while for the subwavelength profile, the theoretical relative diffraction efficiency is 100%.
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Applications for resonant structures are numerous. Since the reflection spectra of these SWS surfaces changes remarkably as a function of incident angle, Gale et a/16 has suggested utilizing these devices for security applications in much the same way that holograms are used on credit cards today. The laser field can benefit tremendously from this new technology.28 By serving as a laser end mirror, the SWS structure can reflect 100% of the incident light at a specific wavelength. This geometry may prove useful to the optical communication industry, as well, in terms of a novel optical switch.
SUBWAVELENGTH STRUCTURED SURFACES AS PHASE PLATES
In Fig. 19(a) a single period A of a blazed grating profile is diagrammed. From a fabrication standpoint, obtaining a blazed profile is not always the easiest of tasks. For materials that cannot be diamond turned, blazed profiles are typically manufactured by using a multi-mask process. The more masks used, however, the greater the risk of degrading the device's diffraction efficiency through errors in mask alignment. An alternative to a multi-mask technique is to make a binary profile with subwavelength feature sizes. This technique has been suggested by both Haidner et a/18 and Fam.17 The chirped phase of the blazed scalar profile can be modeled as a binary subwavelength grating with chirped duty cycle, see Fig. 19(b) . The effective medium for the SWS binary profile is illustrated in Fig. 19(c) . Note that the effective medium has gradient optical properties in the x direction while it is uniform in the z direction. If the structure must function only for linearly polarized radiation, the binary profile can be one dimensional (i.e., uniform in the y direction). For unpolarized radiation, as noted by Haidner, a 2-D profile can be used. Note that the binary subwavelength profile depicted in Fig. 19(b) should not be confused with the scalar binary approximation of a blazed scalar profile, the scalar binary approximation has a relative first-order diffraction efficiency of only 40.5%, while for the subwavelength profile, the theoretical relative diffraction efficiency is 100%. (11) Consequently, in order to increase the amount of phase difference, a substrate that is more optically dense can be chosen, or the grating depth can be increased to satisfy the design requirements. In Fig. 21 we illustrate the phase imparted by a binary grating of depth d = 0.3X as a function of duty cycle substrates of fused silica, ZnSe, and GaAs. 
Consequently, in order to increase the amount of phase difference, a substrate that is more optically dense can be chosen, or the grating depth can be increased to satisfy the design requirements. In Fig. 21 we illustrate the phase imparted by a binary grating of depth d = 0.3A. as a function of duty cycle substrates of fused silica, ZnSe, and GaAs. Note that in choosing the depth of the subwavelength structure, one must not only take into account manufacturing constraints, but also the system's tolerance for transmission variations across the surface. For example, for the fused silica SWS surface illustrated in Fig. 20 , the power transmission coefficient for the case of d = 0.3k, varies from 96.5% to 98.7% as the duty cycle varies from 0 to 100 %. On the other hand, for d = 0.41E the transmission coefficient varies only between 96.5% and 96.9% for both E 1 K and E II K polarization states. From Figs. 21 or 22 , one can determine the local duty cycle of the grating in order to achieve a specific phase shift. By patterning the optical surfaces with a structured surface of changing duty cycles, one can fabricate a SWS surface for phase compensation. Phase compensation is often required in optical systems where a series of optical elements introduces a certain amount of unwanted aberrations. A SWS surface could be used to fabricate a Schmidt plate, for example. Fabrication of the SWS phase plate can be accomplished using point by point processes such as laser pattern generation.
CONCLUSION
As has been shown, subwavelength structured (SWS) surfaces can be used for antireflection purposes, as polarization components, narrowband filters, and phase plates. SWS surfaces can minimize reflections off of windows, domes, and detectors, and thereby maximize the throughput of the system. ARS surfaces can achieve 95% transmission across a half field -of -view of 60° for 8 µm 5 1L <_ 12 p.m. Since the surface's AR properties are achieved through surface structuring rather than through the deposition of foreign materials, ARS surfaces have the potential to be better suited to withstand the hardships of certain environments (e.g., space), than are thinfilm coatings. SWS polarization components include wave plates, retarders, wiregrid polarizers, and beamsplitters. These SWS elements can be designed to perform comparably with conventional polarization components such as wave plates and Fresnel rhomb, while offering weight and volume advantages. SWS narrowband filters do not require a multitude of film coatings and are lighter and less bulky than Loyt filters. SWS filters, fabricable using today's technology, can have linewidths that are in the angstrom range. SWS phase plates were shown to be able to function as aberration correctors and phase compensators. Fabrication of SWS surfaces can be performed in a multitude of manners and include diamond machining, laser pattern generation, optical and e-beam lithography, and holography. Replicas of these components can be made, thereby reducing the cost of each element. d = 0.3A,, varies from 96.5% to 98.7% as the duty cycle varies from 0 to 100%. On the other hand, for d = 0.4X, the transmission coefficient varies only between 96.5% and 96.9% for both E 1K and E II K polarization states. From Figs. 21 or 22 , one can determine the local duty cycle of the grating in order to achieve a specific phase shift. By patterning the optical surfaces with a structured surface of changing duty cycles, one can fabricate a SWS surface for phase compensation. Phase compensation is often required in optical systems where a series of optical elements introduces a certain amount of unwanted aberrations. A SWS surface could be used to fabricate a Schmidt plate, for example. Fabrication of the SWS phase plate can be accomplished using point by point processes such as laser pattern generation.
As has been shown, subwavelength structured (SWS) surfaces can be used for antireflection purposes, as polarization components, narrowband filters, and phase plates. SWS surfaces can minimize reflections off of windows, domes, and detectors, and thereby maximize the throughput of the system. ARS surfaces can achieve 95% transmission across a half field-of-view of 60° for 8 |im < X < 12 (im. Since the surface's AR properties are achieved through surface structuring rather than through the deposition of foreign materials, ARS surfaces have the potential to be better suited to withstand the hardships of certain environments (e.g., space), than are thinfilm coatings. SWS polarization components include wave plates, retarders, wiregrid polarizers, and beamsplitters. These SWS elements can be designed to perform comparably with conventional polarization components such as wave plates and Fresnel rhomb, while offering weight and volume advantages. SWS narrowband filters do not require a multitude of film coatings and are lighter and less bulky than Loyt filters. SWS filters, fabricable using today's technology, can have linewidths that are in the angstrom range. SWS phase plates were shown to be able to function as aberration correctors and phase compensators. Fabrication of SWS surfaces can be performed in a multitude of manners and include diamond machining, laser pattern generation, optical and e-beam lithography, and holography. Replicas of these components can be made, thereby reducing the cost of each element
